have been shown to reduce the size of myocardial infarction. Such effect has been ascribed to different mechanisms, including inhibition of mitochondrial permeability transition pores as well as activation of complex signaling pathways in the myocardial cells. 9, 10 Also in the lungs, volatile anesthetics may protect against lung injury 11 and attenuate inflammation. 12 However, in contrast to experimental studies, clinical trials have shown inconsistent results regarding organ protection by volatile anesthetics, [13] [14] [15] which seems to be restricted to patients undergoing cardiac surgery. [16] [17] [18] To our knowledge, the protective effects of volatile anesthetics against postoperative complications in a mixed surgical patient population, consisting of cardiac and noncardiac surgery, have not been addressed so far.
We conducted a systematic review and meta-analysis of randomized controlled trials (RCTs) comparing volatile anesthetics with total IV anesthesia (TIVA) regarding patient outcome. We hypothesized that, compared to TIVA, the use of volatile anesthetics during general anesthesia is associated with reduced mortality and incidence of postoperative pulmonary and other complications in noncardiac and cardiac surgery patient populations.
Materials and Methods

Study Type and Registration
We conducted a systematic review of RCTs in accordance with a previously registered protocol (International Prospective Register of Systematic Reviews registration no. CRD42014008699). The presented review was performed according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. 19 A complete PRISMA checklist is presented in table 1 of Supplemental Digital Content 1, http://links.lww.com/ALN/B270.
Identification of Relevant Studies
Three databases (EMBASE, MEDLINE, The Cochrane Central Register of Controlled Trials [CENTRAL]) were systematically searched for relevant trials published as journal article from inception until August 23, 2014 without language restriction. Personal files and reference lists of relevant review articles for additional trials were also reviewed. Detailed search strings and reference lists are listed in table 2 of Supplemental Digital Content 1, http://links.lww.com/ALN/B270.
Eligibility Criteria
We included only RCTs with patients undergoing cardiac or noncardiac surgical interventions. Studies investigating modern volatile anesthetics (sevoflurane, desflurane, isoflurane) versus TIVA, with respect to mortality or postoperative pulmonary or other complications were considered.
Inclusion criteria with respect to "patients, intervention, comparator, outcomes, study design" (PICOS) criteria 20 were as follows: (1) population: adult patients (age more than 18 yr) undergoing general anesthesia for elective or also emergency surgery; (2) intervention: patients receiving anesthesia with volatile anesthetics; (3) comparator: volatile anesthetics versus TIVA, or single volatile anesthetics versus each other; (4) outcomes: mortality (primary endpoint), as the longest reported mortality, or in-hospital mortality, or 30-day mortality. Secondary endpoints were 90-day, 180-day, or 1-yr mortality (according to the definition by the authors of the original article), or postoperative pulmonary complications 21 
Trial Selection and Data Abstraction
independently, two reviewers (C.U. and T.B.) assessed trial methodological quality using the risk of bias tool recommended by the Cochrane Collaboration. 23 For each trial, the risk of bias was reported as "low," "unclear," or "high" in the following domains: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other bias. 23 We assessed the item "selective outcome reporting" as "unclear" risk if the study protocol was not published or registered previously. For each outcome, we independently and in duplicate rated the overall quality of evidence (confidence in effect estimates) using the Grading of Recommendations, Assessment, Development and Evaluations approach in which trials begin as high-quality evidence, but may be rated down by one or more of five categories of limitations: risk of bias, inconsistency, indirectness, imprecision, and reporting bias. 24 Finally, the overall risk of bias for an individual trial was categorized as "low" (if the risk of bias was low in all domains), "unclear" (if the risk of bias was unclear in at least one domain, with no high risk of bias domains), or "high" (if the risk of bias was high in one or more domains). Disagreement was resolved by discussion and consensus.
Data Synthesis
For direct comparison of volatile anesthetics and TIVA, the pooled odds ratio (OR) and 95% CIs of binary outcomes were calculated using the OR method as described elsewhere. 25 For direct and indirect comparison of the specific anesthetic agent (sevoflurane vs. desflurane vs. isoflurane vs. TIVA), a multivariate random effects network meta-analysis was performed. 26, 27 These data are presented as network plot, plots of cumulative ranking probability, and forest plot. [28] [29] [30] For ICU and hospital LOS, the mean difference (MD) and 95% CI were calculated. Detailed description of statistical methods regarding Peto OR meta-analysis and the multivariate random effects network meta-analysis is given in Supplemental Digital Content 2, http://links.lww.com/ALN/B271. Statistical heterogeneity was assessed by the I 2 statistic. Substantial heterogeneity was predefined as I 2 greater than 50%, which differed from the protocol previously published (International Prospective Register of Systematic Reviews registration no. CRD42014008699) in order to be even more conservative. Publication bias was addressed visually using a funnel plot. The Egger 31 regression models for publication bias were also used. An a priori defined subgroup analysis of outcomes in cardiac and noncardiac surgical procedures was performed. Heart surgery, regardless of the use of cardiopulmonary bypass, was included in the cardiac surgery group. A posteriori the originally intended analysis of a mixed surgical population combining cardiac and noncardiac surgery patients was discarded because of the artificiality of such a population. Therefore, only the results of the subgroup analysis are reported.
All analyses were performed using STATA ( Version MP 11; Stata Corp LP, USA).
Results
Trial Identification
The search yielded 5,073 publications, from which the flowchart is depicted in figure 1 . Twenty-one articles published in languages other than English and German were translated into English to assess their eligibility. Of 1,076 potentially eligible studies, 46 were not an RCT, 13 studies did not match the population criteria, 80 had a nonselected comparator anesthetic agent (nitrous oxide), 24 compared general anesthesia to regional anesthesia, and 845 studies did not report on the primary outcome investigated herein (mortality); all were excluded. The remaining 68 publications were retained and their data meta-analyzed. Complete references of the included articles are shown in table 5 of Supplemental Digital Content 1, http://links.lww.com/ALN/B270.
Trial Characteristics
The main characteristics of the trials retained for meta-analysis are shown in figure 2 and table 1. Table 6 of Supplemental Digital Content 1, http://links.lww.com/ALN/B270, depicts detailed information of the trials. The 68 meta-analyzed RCTs included data from 7,104 patients published from 1989 to 2014. Sixty-five RCTs (6,716 patients) compared volatile anesthetics (n = 3,506 total, sevoflurane n = 1,895, desflurane n = 708, isoflurane n = 903) to TIVA (n = 3,210). Forty-five RCTs enrolled a total of 4,890 cardiac surgery patients of whom 2,587 received volatile anesthetics (sevoflurane n = 1,077, desflurane n = 673, isoflurane n = 837) and 2,303 received TIVA. Patients from surgical fields other than cardiac surgery were investigated in 20 RCTs including a total of 1,826 subjects allocated to volatile anesthetics in 919 cases (sevoflurane n = 818, desflurane n = 35, isoflurane n = 66) and to TIVA in 907 cases. Three trials (388 patients; two cardiac surgery) compared volatile anesthetics (sevoflurane n = 177, desflurane n = 58, isoflurane n = 153) among each other without a TIVA control group [32] [33] [34] and were included in the network meta-analysis only. Detailed information regarding the number of patients enrolled in the articles reporting pulmonary and other complications is given in Supplemental Digital Content 1, http://links.lww. com/ALN/B270.
Risk of Bias
The risk of bias assessment using the Cochrane tool is summarized in figure 
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Evidence Synthesis
Mortality. All included trials reported either in-hospital, 30-day, 180-day, or 1-yr mortality ( fig. 2 ). Based on our evidence synthesis of outcome data from 4,840 patients in 45 trials, we estimate that compared to TIVA, volatile anesthetics reduced the overall mortality in the subgroup of cardiac surgery (OR = 0.55; 95% CI, 0.35 to 0.85; z = 2.71; P = 0.007; I 2 = 8.5%; fig. 4 ). Meta-analysis of outcome data of 1,876 patients in 20 trials enrolling patients undergoing noncardiac surgery did not show a statistically significant effect of volatile anesthetics compared to TIVA on either overall mortality (OR = 1.31; 95% CI, 0.83 to 2.05; z = 1.17; P = 0.242; I 2 = 0.0%) or in-hospital mortality (OR = 1.16; 95% CI, 0.53 to 2.51; z = 0.37; P = 0.711; I 2 = 0.0%) ( fig. 5 ). Network meta-analysis among the different volatile agents showed no reduction of overall and in-hospital mortality, irrespective of the surgical procedure 
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postoperative pulmonary complications compared to TIVA in patients who underwent cardiac surgical procedures (OR = 0.71; 95% CI, 0.52 to 0.98; z = 2.07; P = 0.038; I 2 = 6.0%; fig. 8 ). In noncardiac surgery, compared to TIVA, volatile anesthetics were not associated with lower incidence of postoperative pulmonary complications (OR = 0.67; 95% CI, 0.42 to 1.05; P = 0.081; I 2 = 53.5%; fig. 8 ). Compared to TIVA, none of the single volatile anesthetics reduced pulmonary complications (figs. 6 and 7). Other Complications. In cardiac surgery patients, compared to TIVA, volatile anesthetics were associated with lower incidence of other postoperative complications (OR = 0.75; 95% CI, 0.58 to 0.96; z = 2.26; P = 0.024; I 2 = 38.6%; fig. 8 ), but such association was not observed in noncardiac surgical procedures (OR = 0.70; 95% CI, 0.46 to 1.05; z = 1.78; P = 0.075; I 2 = 0.0%; fig. 9 ). Such differences were more pronounced with desflurane and sevoflurane ( fig. 6 ). In noncardiac surgical procedures, compared to TIVA, none of the single volatile anesthetics reduced other complications ( fig. 7) . 
Discussion
The main results of this systematic review and meta-analysis were that general anesthesia with volatile anesthetics, as compared to TIVA, was associated with reduced mortality and lower risk of pulmonary and other complications in cardiac, but not in noncardiac, surgery. To our knowledge, this is the first systematic review and meta-analysis addressing the effects of volatile anesthetics on outcome in different surgical patient groups, including 68 trials that investigated 7,104 patients in total. Other strengths of our analysis are the use of PRISMA guidelines 19 and a literature search in three databases without language or time restrictions. Furthermore, we incorporated a network meta-analysis with indirect and direct comparisons to evaluate the contribution of individual volatile anesthetics.
Cardiac Surgery
In patients undergoing general anesthesia for cardiac surgery, volatile anesthetics are associated with lower mortality. These findings are in agreement with a previous meta-analysis in the field. 18 This may result from the observation of reduced postoperative complications with volatile anesthetics compared to TIVA, which are likely related to cardioprotective properties of those agents. In the heart, volatile anesthetics induce coronary vasodilation, 35 promote early activation of protective enzymes by phosphorylation and translocation of cellular key proteins (early phase of preconditioning), 6 and result in delayed transcriptional changes of protective and antiprotective proteins (late phase of preconditioning). 36 In addition, volatile anesthetics may have decreased inflammation in the lungs, attenuating ventilator-induced lung injury. We did not find any RCTs that have addressed the role of volatile anesthetics in reducing lung inflammation in nonthoracic surgery. In a study in patients undergoing thoracic anesthesia, compared to TIVA, sevoflurane and desflurane reduced the release of proinflammatory cytokines in the ventilated lung. 37 Accordingly, other investigators were able to show a reduced inflammatory response of the nonventilated lung during general anesthesia with sevoflurane compared to propofol. 38 Those findings are in line with experimental data from lung injury models, where the use of volatile anesthetics reduced lung inflammation. 11, 12 Besides the modulation of the inflammatory response, volatile anesthetics also induce bronchodilation, possibly decreasing the mechanical stress on lung units. Volatile anesthetics were Volatile Anesthetics and Outcome found to alleviate bronchoconstriction in patients with chronic obstructive lung disease, 39 suggesting a possible role for this mechanism. Furthermore, the antiinflammatory effects of volatile anesthetics 40, 41 are not limited to the lungs or heart, but affect also other organs, including brain, 42, 43 kidneys, 44, 45 and liver. [46] [47] [48] [49] In addition, a more recent metaanalysis demonstrated a reduction of acute kidney injury and renal failure after cardiac surgery under general anesthesia with volatile anesthetics compared to TIVA. 50 Such effects might be related to favorable transcriptional changes in pro-and antiprotective mechanisms, as demonstrated for sevoflurane. 51 The fact that, in cardiac surgery patients, lower incidences of pulmonary and other complications were not associated with reduced LOS in ICU or hospital might be due to standard operating procedures determining a minimal period of stay for this type of surgery.
Noncardiac Surgery
In noncardiac surgery procedures, compared to TIVA, volatile anesthetics were not associated with reduced mortality. There are different possible explanations for this observation. First, since most of the protective effects of volatile anesthetics seem to be related to cardiac preconditioning 9,52 and the surgical population in the analysis also included patients less prone to cardiac complications, beneficial effects may have been diluted in the analysis of this surgical population. Second, the presence of comorbidities that influence the risk of death, for example, cancer, may have acted as confounders. Third, the population investigated may have been more heterogeneous than the cardiac surgery population. In fact, studies retained for analysis included thoracic, vascular, and abdominal surgery, likely reducing the power of the meta-analysis to identify an effect on mortality. The lack of potential benefit of volatile anesthetics in reducing pulmonary and other complications in the noncardiac surgery is possibly due to a high heterogeneity among trials. It is worth noting that studies of noncardiac surgical patients that were retained for analysis showed an association between the use of volatile anesthetics and reduced hospital LOS, compared to TIVA. However, since only a few trials reported hospital LOS, the noncardiac surgery population might have not been adequately represented, and this finding should be interpreted with caution.
Possible Implications of the Findings
The results of this systematic review and meta-analysis suggest that, in patients undergoing cardiac surgery, and provided no contraindication is present, volatile anesthetics should be preferred over TIVA as a strategy to improve postoperative outcome. Nevertheless, it must be kept in mind that coronary artery bypass graft, off-pump or on-pump with cardiopulmonary bypass, and noncoronary artery bypass graft surgery (e.g., valve surgery) have been evaluated together, whereas most patients underwent coronary artery bypass graft surgery.
In noncardiac surgery patients, volatile anesthetics seem not to be associated with a relevant outcome benefit compared to TIVA. However, mortality after noncardiac surgery was relatively high (≈7.2%), suggesting that high-risk procedures may have been selected, precluding extrapolation of the results to low-and mid-risk surgery.
Given the importance of organ protection during surgery, large RCTs investigating the potential of volatile anesthetics to reduce pulmonary and other complications also in noncardiac surgery patients are highly needed. The current results might be valuable for estimation of effect sizes and sample size calculations when designing such studies. Such a trial should be powered for mortality and assess pulmonary 
Limitations
The present systematic review and meta-analysis has several limitations. First, the quality of the trials is heterogeneous, with relatively large overall risk of bias. Second, most trials were relatively small and either did not report any, or reported only a few events, which jeopardizes the generalizability of the findings, especially with regard to mortality. The internal validity of those trials could be compromised by underreporting, and the external validity may be affected if the study population has different properties compared to the general population. However, we made adjustments for the effect size with respect to trials with small sample size and used the Peto OR method, 25, 53 which offers a more precise statistical analysis for rare events than a fixed or random effects model as proposed by Mantel and Haenszel 54 or DerSimonian and Liard. 55 Furthermore, a network metaanalysis was performed, which included all trials regardless of the number of events. Third, publications within a time period of three decades were included, and we cannot exclude the possibility that other time-dependent factors, for example, advances in postoperative care, influenced the results. Fourth, we cannot rule out that publication bias did impair our analysis, since negative results are more likely not to be published. Fifth, pulmonary and other complications were analyzed as collapsed composite outcomes from events with different degrees of severity. For example, ARDS and atelectasis were counted in the same way. In addition, the assessment and definition of those complications differed across the trials retained in the analysis, increasing the risk of bias. Sixth, postoperative complications are importantly influenced by the type of surgery, 3, 56, 57 which may overwhelm the role of anesthetic agents. Nevertheless, we conducted a separate analysis of cardiac and noncardiac surgery. Furthermore, in cardiac surgery, coronary artery bypass graft, off-pump or on-pump with cardiopulmonary bypass, and noncoronary artery bypass graft surgery (e.g., valve surgery) have been evaluated together, whereas most patients underwent coronary artery bypass graft surgery. Thus, generalization of the findings for all types of cardiac surgery may be inappropriate. Seventh, mortality rates were relatively low in cardiac surgery, likely due to sampling bias of small trials and use of narrow inclusion criteria that might have resulted in inclusion of mainly low-and medium-risk procedures. Eighth, we did not address the use of opioids, which might have potential cardiac protective effects. 58, 59 
Conclusions
In cardiac, but not in noncardiac, surgery, compared to TIVA, general anesthesia with volatile anesthetics was associated with major benefits in outcome, including reduced mortality, as well as lower incidence of pulmonary and other complications. Further studies are warranted to address the impact of volatile anesthetics on outcome in noncardiac surgery.
